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I. INTRODUCTION
Highly conducting (doped) ZnO thin films are being used in diverse applications, such as light-emitting 1 and laser diodes, 2 architectural and automotive glazing, 3 thin-film transistors, 4, 5 and high efficiency thin-film solar cells. 6 This latter makes use of ZnO as transparent conducting oxide (TCO), where a high electrical conductivity in combination with a high optical transmittance and surface texture for an enhanced optical path length 7 are required. N-type doped (Al, Ga, B) ZnO strongly competes in these applications with indium tin oxide (ITO), although ITO shows lower resistivity ( $10 À4 X cm) and higher transmittance 8 than ZnO. Also, ZnO is non-toxic, inexpensive, and abundant, which becomes a very important factor, considering the limited supply of indium and the growing demand for ITO largescale production. 9 Moreover, ZnO is chemically and thermally stable in hydrogen-containing plasmas, which are employed, in the presence of SiH 4 gas, for the deposition of silicon-based thin film p-i-n junctions. [10] [11] [12] [13] Therefore, impurity-doped ZnO, e.g., ZnO:Al, is considered to be an attractive candidate to replace ITO. 8 There are several deposition techniques applied to synthesize ZnO, such as sol-gel, 14 spray pyrolisis, 15 magnetron sputtering, [16] [17] [18] pulsed laser deposition, 19, 20 atomic layer deposition, 21, 22 and metalorganic chemical vapor deposition (MO-CVD). 23 Gas phase-based techniques, as MO-CVD, have also shown potential to grow high quality aluminumdoped ZnO (ZnO:Al) layers 24, 25 at deposition rates as high as $14 nm/s 26 on a large surface area (>10 cm   2 ). 25, 26 In the plasma CVD techniques, the overall heat load of the process is lowered, as the substrate temperature is reduced down to the range of 100-200 C. For example, in the past years, we have shown that the expanding thermal plasma (ETP) leads to good quality ZnO:Al layers deposited up to 1 nm/s with a resistivity of 8 Â 10 À4 X cm for 1100 nm film thickness, at a substrate temperature of 200 C, as reported by Volintiru et al. 27 One of the drawbacks of the CVD processes, [27] [28] [29] unlike the sputtering approach, is the development of a gradient in resistivity as function of the film thickness, usually present over a large thickness range. In the case of ZnO:Al sputtering, the gradient is typically limited and confined within a small thickness range, i.e., below 200 nm. 30 In the case of the ETP-grown layers, this effect resulted in a factor 50 decrease in resistivity within a thickness range of 70 -1300 nm and was related to the development of pyramid-like ZnO:Al grains. As inferred by means of near-IR (NIR) spectroscopic ellipsometry, 31 the relatively high in-grain quality was affected by the scattering losses at the grain boundaries present in the case of thin films, characterized by a small grain size (50-75 nm).
In general, the development of high quality doped ZnO CVD layers appears to be intrinsically related to the competition between the nucleation phase (i.e., density and initial grain size) at the early stages of growth and the grain size and crystal orientation/morphology development during the bulk growth. Earlier, an attempt has been performed by Volintiru et al. 27 to study the impact of the process parameters (e.g., the process pressure in the deposition chamber) in the ETP with the aim of reducing the gradient in resistivity, described above. The gradient in resistivity was effectively reduced by reducing the process pressure, however, the overall resistivity increased up to $10 À2 X cm in the whole thickness range, because the growth mode shifted from pyramidto pillar-like, leading to a limited grain size extending through the whole film bulk.
The present contribution introduces and describes a new experimental approach towards the decrease of resistivity gradient in ZnO:Al without compromising the conductivity of the deposited layers. Under specific experimental conditions, we enable the development of several ZnO:Al crystal orientations, which allow formation of a rather dense nucleation layer in the early stages of growth. These densely packed crystallites allow for a resistivity as low as 4 Â 10
À4
X cm at $300 nm film thickness exhibiting no gradient up to 1100 nm. Using an extensive analytical approach, a full characterization of the deposited ZnO:Al layers was obtained, providing insights into the parameters influencing the ZnO:Al resistivity. The control on the resistivity gradient can definitely allow a more versatile application of the CVDZnO layers for the several solar cell technologies, i.e., as transparent conductive oxide in thin film silicon and Copper Indium Gallium Selenide (CIGS) solar cells, as well as novel emitter in silicon heterojunction solar cells.
The paper is organized as follows: Section II describes the experimental details of the deposition technique and the analysis tools. Section III presents and discusses the resistivity studies on two thickness series obtained at different deposition conditions, under which the resistivity gradient exhibits a different behavior. Subsequently, the differences in resistivity in the two series of ETP-grown ZnO:Al films are directly correlated with: (1) mobility and carrier concentration; and (2) morphological and crystallographic properties. A special emphasis is given to the presence of voids within a certain range of the film thickness, which appeared to be a key parameter controlling occurrence of the resistivity gradient in the ZnO:Al and electrical properties of the bulk layer.
II. EXPERIMENT
ZnO:Al films were deposited by means of a remote plasma-enhanced chemical vapor deposition process, i.e., the ETP. 24, 27, 32 The technique is based on generating a plasma jet, which expands into a vacuum chamber, dissociates precursors injected downstream and generates reactive species, responsible for film deposition. The plasma source is a cascaded arc unit, where a DC discharge is generated between three cathodes and an anode plate at sub-atmospheric pressure (typically 0.3-0.4 Â 10 5 Pa) in argon. Due to the pressure difference, the ionized argon expands into the low pressure deposition chamber (typically 30-200 Pa) and dissociates precursors injected through rings into the plasma jet: oxygen was injected at 6.5 cm downstream from the plasma source; evaporated and pre-mixed diethylzinc (DEZ) and trimethylaluminum (TMA) were injected further downstream at 30 cm from the plasma source. The growth precursors convectively flow towards the substrate placed at 50 cm to deposit the ZnO:Al film. A 400 nm-thick thermal SiO 2 /csilicon h100i and Corning 7059 glass both of 1 in. 2 size were used as substrates. As shown in Table I , all the experimental parameters were kept constant, but the DEZ flow rate, ranging from 3.2 to 9 g/h.
The electrical properties were measured using a Jandel universal four-point probe with cylindrical 25 mm probe head. Additionally, Hall measurements were performed on a Phystech RH 2010 to determine the carrier concentration and mobility.
A VEECO Dektak 8 step-profiler was used to determine the thickness of the deposited films. Cross-sectional transmission electron microscopy (TEM) FEI Tecnai F30ST transmission electron microscope operated at 300 kV was used to visualize the ZnO:Al grain development at different stages of the growth. Surface morphology imaging was performed on scanning electron microscopy (SEM) Jeol JSM-7500 FA. Additionally, the root-mean square (RMS) surface roughness of the deposited films was calculated from the scans performed on an NT-MDT Solver P47 atomic force microscope (AFM) in a semi-contact mode with a scan size of 2 Â 2 lm
Rutherford backscattering spectrometry (RBS) was employed to obtain quantitative information about the composition of ZnO:Al films and to determine the zinc-to-oxygen ratio. RBS measurements were performed using 2 MeV He þ ions produced by a HVE 3.5 MV singletron. X-ray photoelectron spectroscopy (XPS) depth profiling using a Thermo Scientific K-Alpha was performed to independently validate the results of the RBS measurements.
The x-ray diffraction (XRD) measurements were performed on a Philips PanAlytical X'pert PRO Material Research Diffractometer to study the texture development of the both ZnO:Al thickness series in more detail. All scans in each of the configurations (h-2h and Psi-scans) were performed using the same acquisition parameters in order to be able to compare absolute intensities.
The optical transmittance of ZnO:Al deposited on glass was measured on Shimadzu UV-3600 spectrophotometer in the wavelength range of 280-2500 nm.
III. RESULTS

A. Evaluation of the electrical properties
In Figure 1 (a), the ZnO:Al resistivity is shown as a function of DEZ flow rate. Because the resistivity is a thicknessdependent property as discussed above, the resistivity values are reported for films deposited in the same thickness range, with a limited spread between 260 and 300 nm. It can be concluded that an increase in DEZ flow rate from 3.8 to 9 g/h induces an improvement in the layer conductivity. This improvement may find origin either in a different growth mode of the ZnO:Al layers leading to larger grains and/or in an improved doping efficiency. Therefore, the investigation was limited to two experimental conditions, i.e., G DEZ ¼ 5.5 g/h and G DEZ ¼ 9 g/h, where the growth and characterization of the ZnO:Al layers is followed as a function of film thickness in the range of 50-1100 nm. For simplicity, designations "low DEZ" corresponding to the series deposited at G DEZ ¼ 5.5 g/h conditions and "high DEZ" corresponding to the one at G DEZ ¼ 9 g/h are used throughout the text of this paper. In Figure 1 (b), the dependence of ZnO:Al resistivity as a function of film thickness is shown. A resistivity gradient is present at low DEZ conditions, similarly to what previously reported by Volintiru et al. 27 Because of further process optimization, mainly due to a change in the oxygen/DEZ/TMA flow rates, the layers in Figure 1(b) have a higher quality, than those previously reported by Volintiru et al., 27 i.e., lower resistivity at the same thickness ((3.0 6 0.15) Â 10 À4 X cm vs. 8.3 Â 10 À4 X cm of Volintiru et al., 27 measured for 1100 nm thick film) and a less steep gradient. One should note here that resistivity and mobility data were not corrected for the gradient, compared to the previously published work of Volintiru et al., 27 where a correction procedure was carried out to quantify the electrical properties of the top ZnO:Al layer. The effective (measured) resistivity of 8.3 Â 10 À4 X cm at 1100 nm achieved by Volintiru et al., 27 resulted in a resistivity value of 2.5 Â 10 À4 X cm for the top layer. Similarly, effective resistivity of 3.0 Â 10 À4 X cm measured at 1100 nm for low DEZ conditions in this work would be equal to 1.1 Â 10 À4 X cm for the top ZnO:Al layer.
The exact correction procedure is reported in more detail by Volintiru et al.
27
At high DEZ conditions the resistivity gradient is significantly reduced, and present up to $300 nm film thickness (Figure 1(b) ). Therefore, the procedure to correct for resistivity gradient is not applicable for high DEZ at the thickness above 300 nm, so resistivity of top layer at 1100 nm remains 4.0 Â 10 À4 X cm. Also, at the thickness below 300 nm, the resistivity at high DEZ is 3-6 times lower than at low DEZ conditions reaching the level of 3.9 Â 10 À4 X cm at 300 nm, while for the low DEZ series it is achieved only at $700 nm. This remarkable difference in the resistivity is further discussed in terms of mobility and carrier concentration of the two series.
In Figure 2 , the development of mobility and carrier concentration as a function of the film thickness is shown for both low DEZ and high DEZ conditions. At thickness values below 300 nm, the mobility is higher for the high DEZ flow. For thicker films, its mobility saturates at the level of 20 cm 2 /V s at $300 nm and the one associated to low DEZ conditions becomes larger up to 33 cm 2 /V s at 1100 nm ( Figure  2 ). This difference may point out to a larger grain size when increasing the DEZ flow rate. The carrier concentration at high DEZ is larger (7-9) Â 10 20 cm À3 than the one at low DEZ (3-6) Â 10 20 cm À3 (Figure 2 ). The error bar associated to this measurement is 10%, therefore, the difference in carrier concentration between two conditions is considered accurate. This latter is directly related to the atomic concentration of Al in ZnO, measured by RBS: at low DEZ conditions, the Al concentration is 0.87 6 0.09 at. %, while at high DEZ it is 1.43 6 0.14 at. %. At high DEZ conditions, growth flux of 1.9 Â 10 15 at/cm 2 s is significantly lower than the one of low DEZ, 5.5 Â 10 15 at/cm 2 s, respectively: this comparison suggests an easier incorporation of Al in the ZnO lattice, developed under the lower growth rate, high DEZ conditions. Furthermore, the less oxidative environment developed under high DEZ conditions (i.e., lower O 2 -to-DEZ flow rate ratio) agrees with a higher Al activation efficiency, i.e., 60% at high DEZ vs. 53% for low DEZ. Hydrogen can also act as a dopant, 33 however, as inferred from Elastic Recoil Detection (ERD) measurements, the hydrogen concentration was 1.5 Â 10 21 at/cm 3 in the high DEZ sample in comparison to 1.8 Â 10 21 at/cm 3 in the low DEZ sample, both measured 
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at 1100 nm film thickness. The difference in hydrogen concentrations is quite small and so the effect of hydrogen on ZnO doping can be here neglected. The less oxidative plasma environment in the case of high DEZ does not lead to carbon contamination in the deposited layer as RBS measurements point out to stoichiometric ZnO having the same density of 7.5 Â 10 20 at/cm 3 . The difference in carrier concentration (Figure 2) is also confirmed by the transmittance data shown in Figure 3 : the high DEZ sample exhibited a lower transmittance the NIR regions, which is attributed to a higher absorbance by free carriers in the film. In agreement with carrier concentration trends in Figure 2 , the lower NIR transmittance of high DEZ samples was observed in the whole range of deposited thicknesses (data not shown here). However, when the thicknesses of 300 nm at high DEZ and 700 nm at low DEZ are compared, the transmittance of the former is higher (inset of Figure 3) , which is more favorable for solar cell applications. At high DEZ, thicker films exhibit a lower transmittance in the visible range, which is usually attributed to light scattering properties as promoted by surface roughness development. However, the RMS data reported in Figure 4 clearly show that the surface roughness of high DEZ conditions is generally lower than the one of low DEZ, within an error bar of 5%. The difference in transmittance is further investigated by studying the morphology of the layers.
B. Structural properties
In Figure 5 , cross-sectional high angle annular dark field (HAADF) scanning TEM (STEM) images of the two 1100 nm thick ZnO:Al films deposited at low (Figure 5(a) ) and high ( Figure 5(b) ) DEZ conditions are shown. Darker areas represent voids in the ZnO:Al layer. The ZnO:Al layer deposited at low DEZ conditions exhibits voids in-between grains in the first 500 nm. As the grains develop in size, the voids further extend, but at around 500 nm the grains merge together and larger grain sizes are developed. Thus, from 500 nm film thickness, a rather dense structure developed characterized by a grain size above 150 nm (in lateral dimensions). On the contrary, at the high DEZ flow conditions, the structure shown in Figure 5 (b) consists of a rather dense voids-free initial phase, and only from 300 to 400 nm upwards the voids start to appear in the ZnO:Al layer and propagate up to the top (at 1100 nm). It is therefore argued that these large voids induce multiple scattering and result in light trapping within the ZnO:Al film, causing a reduction in layer VIS transmittance, as shown in Figure 3 .
Furthermore, the morphology studies allow commenting further on the resistivity trends earlier presented in Figure  1(b) . The presence of voids within the lower thickness range for the low DEZ condition appears to correlate with the strong gradient in ZnO:Al resistivity (Figure 1(b) ): the voids can, in fact, induce a longer percolation path for electrons to diffuse in the lateral direction. While the grain size is increasing and the layer becomes more compact, the resistivity decreases. At about 400 nm, the grains coalesce and the layer becomes denser; as the grain size gradually develops, the resistivity further decreases till a plateau is reached. This correlation between structural development and resistivity at low DEZ conditions also agrees with the mobility trend in 
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Figure 2, where the mobility of the low DEZ series increases in the whole thickness range up to 33 cm 2 /V s for 1100 nm thick ZnO:Al. This indicates that the grain boundary scattering becomes less influential on resistivity, while ionized impurity scattering becomes also relevant. The latter factor, according to the grain boundary carrier-trapping model, 34, 35 develops with an increase in carrier concentration.
At high DEZ conditions, there is a small gradient in resistivity at thickness values below 300 nm (Figure 1(b) ), which agrees with the thickness range necessary to develop a compact ZnO:Al layer with larger grains, according to the TEM image in Figure 5(b) , the strong increase in mobility up to 20 cm 2 /V s in Figure 2 . Due to the void-free structure, the mobility of the charge carriers is 2-3 times higher at high DEZ conditions causing the resistivity gradient to be strongly reduced and the resistivity values to be lower than the low DEZ condition. For thicker films (>300 nm), the voids develop in the bulk of the film, therefore, the mobility trend saturates, and the resistivity is constant.
In Figure 6 , top-view SEM images of the samples grown at low DEZ (left column) and high DEZ (right column) conditions are shown. In agreement with the TEM results, the grain size is larger for the 95 nm-thick ZnO:Al grown at high DEZ conditions (right-top image), in comparison with the low DEZ conditions (left-top image). This is in agreement with the higher RMS roughness observed in Figure 4 for thinner films and supports also the higher mobility and lower resistivity of the ZnO:Al films below 500 nm grown at high DEZ. The 1100 nm-thick ZnO:Al deposited at high DEZ exhibits voids in-between grains, supporting the previously discussed TEM results in Figure 5(b) .
A larger grain size developed at high DEZ conditions in the early stages of growth suggests a preferred growth/development of the grains in the lateral direction. This result can be further investigated by carrying out a crystal growth characterization study with XRD. The absolute peak intensities of XRD spectra obtained in h-2h geometry are plotted in Figure 7 for different DEZ flow rates at constant ZnO:Al thickness ($300 nm). As mentioned in the experimental part, all h-2h scans were performed using the same acquisition parameters in order to be able to compare these absolute intensities. As can be seen, already at 300 nm thickness, the low DEZ flow rates of 4 and 5 g/h are characterized by a strongly developed h002i texture, i.e., a large fraction of the crystals growing with their c-axis aligned to the surface normal. The highest intensity of the h002i peak was observed for the sample deposited at the flow of 5 g/h (Figure 7) . The diffraction pattern of ZnO:Al grown at high DEZ conditions also displays a significant h002i peak. However, an additional set of peaks is present: h101i, h102i, and h103i, as shown in the insets in Figure 7 , implying the co-existence of several crystal growth directions. This observation nicely correlates with the densely packed structure observed by TEM for the low thickness films at high DEZ conditions in Figure 5 (b). The difference in absolute height of the h002i peak can either be attributed to differences in the number 
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density of crystals having h002i orientation, or to a difference in the angular spread of this preferential texture. Psiscans were therefore performed.
The angular distribution of the h002i reflection intensity, most pronounced in the h-2h scans in Figure 7 , is displayed in Figure 8 for the same set of films. The samples deposited at lower DEZ flow rates (4 and 5 g/h) are characterized by a single peak centered at the surface normal, suggesting a h002i preferred growth direction normal to the surface. A 20% smaller peak width (FWHM ¼ 22.7) of the sample deposited at DEZ ¼ 5 g/h, compared to the sample deposited at DEZ ¼ 4 g/h (FWHM ¼ 28.5) indicates that the ZnO:Al deposited at DEZ ¼ 5 g/h is more ordered in the vertical direction. However, the high DEZ (9 g/h) sample displays a totally different angular distribution: a superposition of several texture contributions can be recognized. Here, an huvwi texture implies a large fraction of crystals that have a huvwi orientation parallel to the surface normal: the high DEZ distribution consists of a superposition of peaks around 0 , 30 , and 42
, reflecting h002i, h103i, and h102i texture contributions, respectively. Here, the peaks at 30 and 42 reflect the off-normal orientation of the h002i lattice planes for crystals that have h103i and h102i crystal orientations running vertically. In addition, all the analyzed samples did not show any preferred in-plane orientation, exhibiting fiber texture in the pole figures (not shown here).
Further development of the texture components at the final thickness of 1100 nm at low and high DEZ conditions is shown in the Figure 9(a) . Growing 1100 nm-thick ZnO:Al at high DEZ does not lead to the perfect h002i texture: the intensity of h002i peak is lower with additional h101i, h102i, and h103i orientations appearing in the spectrum. In the ZnO powder spectrum 36 shown in the Figure 9 (b) h002i and h103i contributions occupy only third and fifth places on the intensity scale with 44% and 28% of the strongest h101i peak intensity, respectively. In a relative comparison with the powder spectrum high DEZ sample still exhibits dominant h002i and h103i components, although being less h002i-textured (factor of 10 lower intensity of h002i peak).
The development of texture can be now related to the presence of voids in the ZnO:Al layer and, eventually, to the electrical properties of ZnO:Al obtained at each of the two discussed conditions. The initial growth (i.e., within 100-150 nm of film thickness) of all investigated conditions starts with the development of several growth directions, which leads to a "mixed texture," i.e., a dense, voids-free layer. The onset of pronounced growth of the h002i oriented grains in the low DEZ samples is accompanied by diagonally expanding side-facets, allowing for voids inclusion in the layer at intermediate thicknesses (150-500 nm). As the h002i texture develops more rapidly at low DEZ conditions, voids develop earlier in this layer. A top layer with only h002i grains will yield grains with parallel, vertical grain boundaries, forming a dense layer, as shown by TEM ( Figure 5 ). These developed grains lead to the lower resistivity with respect to the thinner films, which are rich of voids, and this morphology development support the presence of the gradient in resistivity with film thickness earlier addressed in Figure 1(b) .
At 9 g/h DEZ, the initial phase of the growth is characterized by several competing orientations developing up to few hundreds of nanometers. The texture development starts at a later stage. Because of the mixed h002i-h103i texture up to 1100 nm film thickness, differences in lateral growth rates of the two orientations will result in void formation throughout the entire top part of the layer. Note that the difference in texture between low and high DEZ samples can be recognized from the TEM images: in Figure 5 (b), the shape of the top facets is not symmetric, while the one associated to low DEZ conditions in Figure 5(a) is symmetric, as it should be when the h002i develops along the sample's normal. Formation and further development of the voids up to 1100 nm forces the electrons to diffuse through a longer percolation path, when travelling in the lateral direction, thus, causing additional losses by, e.g., ionized impurities. Therefore, with the onset in void development, the resistivity does not further decrease with thickness.
IV. CONCLUSIONS
Two ZnO:Al thickness series have been investigated in details, one showing a strong resistivity gradient as function of the thickness with a minimum of 3 Â 10 À4 X cm at a film thickness of 1100 nm and the other one characterized by a constant resistivity of 4 Â 10 À4 X cm from 300 nm film thickness onwards. It is striking, that the film deposited at high DEZ conditions shows the same resistivity as 700 nm-thick at the low DEZ, but at the thickness of only 300 nm, exhibiting even higher transmittance. The difference in resistivity, which is dependent on the injected diethylzinc flow rate, is interpreted in terms of electrical properties, morphology, and initial ZnO:Al growth development. A correlation between the mobility and resistivity trends was observed under both growth conditions: the reduction of resistivity was accompanied by an increase in mobility (up to 33 cm 2 /V s) in the whole thickness range of low DEZ, the constant resistivity starting from 300 nm at high DEZ conditions was related to the constant mobility trend observed in that thickness range. Films deposited at high DEZ flow are characterized by a lower deposition rate accompanied by an initial (within first $100 nm) growth of randomly textured, dense and large grain size ZnO:Al. With the further development of the bulk of the layer, only h002i and h103i orientations dominate the film growth and lead to the formation of voids in material, starting from $300 nm onwards. On the contrary, voids are already present in the initial stages of growth in the low DEZ thickness series, because of the preferred crystallographic orientation h002i. This void-rich initial phase is responsible for the gradient in resistivity and, eventually, mobility. The control on the growth development in terms of crystal orientation selection in the early phases of growth appears fundamental in determining the ZnO:Al layer electrical properties.
